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c 
KATIOTJ4L ADVISOEY COMMITTEF: FOR AERONAUTICS 

AC'JANCE RZST3ICTED REPORT 

BJ R .  L. Mcore and C.  Wesccat 

The des ign  of curved ahest  psnels t o  resist shear  
invol.ves a cons ide ra t ion  of scvoiaal f a c t o r s :  tbe buck- 
l h g  r e s i e f a c c e  of the aheet,  thi. S-~LY:SS a t  which buck- 
1ii:g becones por!can=:-,5, a d  tk-e ~,'c:erig?ki which may be 
dcve le~e i t  'oot.~n;l t h e  h : x k l - i n g  l . h t 5  ty t a m i o n - f i e l d  
a c t i o n .  A l t k o i , g h  s o m  exp?rimenfal as wa l l  as t h e o r e t  i- 
tal work has bsen time on tho back1:!1ig an2 t e n s l o n - f i e l d  
ph33es of th-i.n probLm, neii-her of these  t y p e s  of a c t i o n  
appsers  t o  be very w e l l  u n b r s t o o d .  
s u f f i c i e n t  bnportanse from t h e  standpo-lnt ef a i r c r a f t  
design,  it i.s bel leved,  t o  warrant f c r t h e r  experimental  
i n v e ~ t i g a t i o n .  Th i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of thc; 
f'irst series of t s r s i o n  tes t3  of s t i f f x x d  c i r c u l a r  cy l -  
ind.;.rs t o  be completed i n  connection wikh t , h i s  s tudy at 
kliminum Rmearch Laborator ies .  

The problem is  of 

In some r e s p e c t s  t h e  Rhear prcblem for curved shee t  
pan3ls is s!mila;- t o  t h a t  for f l a t  panels .  The buckling 
r e s i s t a n c e  dcpends not  o ~ l y  i'por, c u r v a t m e  and t h e  pro- 
por.tions of pariel but  a180 "pon t h e  r e s t r a i n t  provided 
a t  the  cdges The s-irrength which may be dewloped  by- 
yond the buckiing l i m i t  depends ujyn t h e  c a p a c i t y  of t h e  
shee t  50 t r ansmi t  shear by d i agoml  t e n s i o n  and t h e  r e -  
s i s t a n c e  of tho  s t i f f e n e r  system t e  slrch t e n s i l e  fo rces .  
The ou5.idcrness with whish t , i ck l ing  g e n e r a l l y  occurs i n  
a curved shee t  would appear t o  make t h i g  a c t i o n  more de- 
terminate  by expcrimcntal methods t n a n  is the case i n  
f la t  shee t  where t h e  e f f e c t s  of e c c e n t r t c i t i e s  o f  loading 
usual 1. y ob s c w  e we 1.1 -de 1- i ne d 1) uc kl i ng  Thenome na . 
f i e l d  a c t i o n  i a  more compl?x f o r  curved panels ,  however, 
i n  t h a t  t h e  s t i f f e n e r s  are subjected t o  combined bending 
and twist as w e l l  as axial coinpression. 

Tens ion- 
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Several  scl  u t  ims have been proposed. for t h o  problem 
of  e l a z t i c  d w e - b u c k L i n ~  i n  curred sheet  panels .  The 
A T - 5  Zandbocl; ( refsrence 1) i n d i c s t e s  t h a t  t h i s  property 
my be d~-ter-drreC by cmp1ti:ig t h e  c r i t i c a l  s t r e s s  f o r  a 
ilst panel of  the srzme pyopcrtions and add i rg  a f a c t o r  
depc:ndirg .1pon curvatu-re. T h l s  so1.1.i.t ion is simi.lar i n  
fora t o  t h a t  proposed by Wqpx? arid B n l l e r s t e d t  ( r e f e r -  
enci? 2 ) .  
formula f o r  t h e  m a b i l l t y  l i m i t  of  infi.nite1.g long curved 
p1 atc, s t r i p s ;  while Ebner ( r e fe rence  4) i -ndicatss  t h a t  
t k :  R Frcpe r ty  maj- be  d.etermined by "ormulas s i . m i l a r  t o  
those developed for c1xve:j. panels  under compression. 
Schapitx (re ycrznce 5)  conc l~ .~ l r : s  t h a t  t h e  shear-buckling 
a c t i o n  of curved &oet i s  large12 unexplained. The 
l a t t e r  r e fe rence  p r e s e n t s  t h e  r e s u l t s  of t o r s i o n  t e s t s  
of t h r e e  s t i f fcnec:  c i r c u l a r  cy l inde r s  and g i v e s  a n  analy- 
sis of tenaicm-field. action. kpl?:?,sis i s  placed upon 
t h e  need for ,zddi.tior:nl. t e s t s ,  i1o.t or:ly t o  i n d i c e t e  
&ear -buckling sha rxc tc r i s t , i c s ,  but t o  show the buckle 
p a t t e r n 3  and s t r e o s c B  acxmpanying t,ension-f i e l d  a c t i o n ,  

Kromm ( r e fe rence  3)  has der ived a n  approximate 

OBJECT 

The obJect of t h i s  i n v e s t i g a t i o n  was t o  ob ta in ,  by 
means of t o r s i o n  t e s t s  of  s t i f fcr ,ed c i r c u l a r  cy l inde r s ,  
information on t h e  behavior of curved shee t  pane l s  i n  
shear .  F m r  types of a c t i o n  have been considcred: 

(1) The shear-biicklin&; r e s i s t a n c e  of c y l i n d e r s  hav- 
ing ring s t i f f e n e r s  only,  for which t h o  buckl ing l i m i t  
i s  also t h e  u l t ima te  stren&h. 

( 2 )  The shear-bllcklirg r e s i s t a n c e  of yznels of cyl-  
i nde r s  having bc th  1ongi t :dinal  znd r i n g  s t i f f e n e r s .  

(3 )  The s h ~ a r  s t r e n g t h  attainable bejiond t h e  buck- 
ljng lLa.it t,hro.?gh t h e  devs lop .en t  of  t e n s i o n - f i e l d  
a c t i o n  i n  cylimdcrs having both rjng and l o n g i t u d i n a l  
s - t l f f s n e r s .  

4 

(4) Thc: permanent buckling c h n r a c t e r i s t l c s  of  curved 
panels .  
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L 

The aTecisens f c r  t 'hese t e s t s  were c i r c u l s r  cy l in-  
de r s ,  fcrmei: of' 0.02C)- by 56- by 95-inch 24s-T shee t .  
The Luen.n d i . e w t e r  was 50.08 inches an6 tho o v e r - a l l  
lepz-th 36 inches.  Fi2ur.: 1 glvs,; +;b e s s e n t i a l  struc- 
tiiral d e t c i l z .  T3c: ring stiffxi-3.'3 were made cf 112-  
b y  l /Z-inch 24s-T squzrc ba:-s, sl!:;ped cold t c  ayyox ima te  
e i z e  i n  formirg roll-3. Af t e r  fcra5.n4y, t ho  rins,.;  were 
sy l iced  an5 md:insC t o  ob ta in  the re$-uired d i : m e t e r .  
Tka lo?qiti.tdirial s t i f f ene r s  wxc. f 'xmod of 0 .  CFA-inch 
243-T shee.l;. F igure  1 shows t h e  noainal  dimensions. 
One of  t b c s e  s t i i ' f m e r s  wag meci a t  thc  long!.i Iii ' inal scam 
of a l l  specimens i n  crder t o  prevc-rt the m v 1 . ~ i : 1 s  which 
might otherw!-..g CICCIIY i n  a long t h i n  l a p  j a l n t  I.?aving a 
largo nmb:;r of c ioce ly  spacod rivo-i;3. Th.3 er? bulk- 
head riw3 were mCe fron 3//&irlch-th5_clr s t o e l  p l a t e e .  

Shoa.r- b: ick'_ i rig c h r a  c t. c, r i s t $. c s 1,: it h i n  t h 8 e l a  st i c 
range vcre iiiveetiz?,ted for 10 Ciff'e;-srlt nieeri cf curved 
shee t  p n s l s  t he  d inemions mi. eprcimen number designa- 
t i o m  o f  which a r e  sho-m i n  f?.gui*es 5 and 11. A l . 1  sizes 
o f  panels  were obtalnsd by va ry iw  tho s t i f f e n e r  sp?.c:ngs 
of four d i f f e r e n t  cy l inders .  Specinenn 14, 15, 29, nnd 
21 ,  hcvlng t h e  cloyest  s p s c i . n ~ a  of R t  i f f m o r s ,  were t h  
only ones teRted t o  f a i l u r c  invclving t .ension-f i e ld  
act i on ,  

PRO CEDIRE 

Method cf Loading 

3 

Ftgure 2 shows t h e  lcnding f'ixtccre i n  which t h e  
to r s io r ,  t e s t s  were m 3 e .  Thts  equipmer.t c o n s i s t s  of 
t w c i  s j r a i l z r  8tructur-21 ateel franics having a depth of 
3 f c e t  6 imiies a t  t h e  center  and an c" fec t ive  l e v z r  
am of 1 2  f e e t  1/8 inch. One Prme  was bel-d a g a i n s t  
r o t a t i o n  bj a n c h x i n g  it t o  the floor by means of b o l t s  
used i n  floor i n s e r t s ;  t h e  o t h e r  w m  r o t a t e d  by cieans 
cf IoadirG screws so  arranged as t o  p a l l  i n  opposi te  
d i r e c t i o n s  at  t h e  ends. S p h r i c a l l y  seatcd nuts were 
provided a t  bath end of both loadin6 screws t o  accom- 
modate the mcirement accompanyiw t h e  expected ang le s  
Of t w i s t .  
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The fo rces  a t  t h e  cnds of t h e  mcvable frame were 
deterrrined b;r m x n s  cf a n  elurr~inim alicy dynamometer. 
l i n k  k v j n g  a. m.parit;r cf !-'JJP pc-~ctis. T h i s  fo rce ,  ap- 
plie3. 'In oyxm:te: G,imct ioria ct the en& of  t h e  loading 
f m m ,  y r o v j  635 a max-. ,x:m Lorque capac i ty  of  abo:it 
60,1303 Poot -pcvds .  Ccl ' ?bra t ion  of  t h e  dynmometcr in- 
dic-zi,ed a i i m a r  r e l e t i c r ,  bstwcen load ?cd d e f l e c t i o n  
throughout t h e  e n t i r e  wcrki23 rargc (0.236-in.. de f l cc -  
t i o n  f o r  5000-15 l cnd; .  Def1cct;ora were est imated by 
meum o f  a C i n l  i m i m t o r  t o  t h e  z o r r e s t  0.0001 inch, 
ccrrespcnding t o  a +,orc,&e of about 25 foot-pounds, 

The ag1.1.catien of tora_.j.e r equ i r ed  two ope ra to r s ,  
one a t  eecli G:C t h e  l o a d i x  sci-em. Since t h e  c e n t w  
of r o t a t i o n  :$as :io% €?.xed, it was necessary t o  provide 
eome means of keer\inz t h e  two onda cf t h e  spec.iaen i n  
the a m 8  l-eletive pot;l-tion, o t ' n C r w 1 8 3  SGm\: t r ansve r so  
berdTw as :?ell iz3 to rque  rni5k-c ~ . , ~ T T C  Seen rp,nlied,  
F i c , ~ r c  3 shc\v3 t1:e ?XY ;<h<.~h. iq-:,.u mGlJ-Lter? on t h o  l o q i -  
t u G i r d  a x i s  of t h e  G 7 9 C b X i 1 6  t o  sorvo as a r e fe rence  
f c r  m a i n t n i n ! . ~  tlJ.9 Froplsr pon i t ion  r e l a t i v e  t o  t h e  
f l o o r .  Ey kee2ix-g a d - k l  i r d i c a t x  a t  t h o  r o t e t i n g  end 
i n  a 3 o s i t i o n  where it colild be ~ ~ i O ~ i ~ c ?  b y  one loading- 
screw Gperntor d?n r im t h e  a p p l i c a t i o n  of t c rque ,  it wtw 
p c s s i b l e  t o  keep t h e  v e r t i c a l  p o s i t i c n  of t h e  c e n t e r  of 
r o t a t  i o n  corxtnnt  within 0.091 o r  0 , O : X  inch. Readings 
were t aken  a t  intei-vais  a t  t h =  Tixed end af t h e  apecimen 
u n t i l  it was derconntmted t h a t  f o r  p r a c t i c a l  purposes 
t hese  movements wcrc nng l ig ib l e .  

Although %orquo i:as an2lled i n  incrcments i n  a l l  
t e s t s ,  it was g e m r a l l y  not p r a c t i c a l  t o  a t t smyt  t o  
apply def  i n i t c  predc temined  values.  The zero  reading 
Tor cach C ~ S O  was cb5aincd with the specimen suspended 
l o o s ( ~ 1 j  betwoen t h e  icsc!ing f r m e 3  i n  o rde r  t o  e l imina te  
a c c i d e n t a l  and unlmcwn clamping tcrques.  
syccinen 'was boltell i n  place,  t h e  loading arm was ro- 
t a t c d  u n t i l  a dynamomet ,r ??ending approximately equal  
tc: t h a t  des i r ed  was obtained, a f t e r  wkich a f i n a l  ad- 
juotment f o r  cy l indor  p o s i t i o n  was rnade. 

Aft,:r t h e  

l a e n  buckling torques were being determined, it 
was necessary t o  watch t h e  dynamometer d e f l e c t i o n  read- 
ings c lose ly  i n  Tr.3er t o  ca t ch  t h e  mc7ximum va lues  s i n c e  
t h c  torques fell o f f  as soon as buckling occurred, It 
w 3 s  g e n e r a l l y  not possibl \?  from v i s u a l  obse rva t ion  t o  
p r e d i c t  when th€e  buckling a c t i o n  would occur. I n  the 
spec-jmcns having ring s t i f f e n e r s  only,* a n  inc rease  i n  
*Longitudinal s t i f f e n e r  used a t  seam i n  all specimens not 
considered o f f e c t i v o  i n  inc reas ing  shear-buckling r e s i s t a n c e .  
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t h e  angle of t w i s t  a f te r  buckl ing only r e s u l t e d  i n  a 
f u z t h e r  decren-9 in torque. If t h e  m g l e  of  t w i s t  was 
re tu rnsd  t o  zero, homver,  n t o rqve  reading z2proximatc- 
1:~ cqusl t o  t h ;  l n l t i a l  'buckling \-nllie w ~ s  o'o1,iined when 
tno  c h e t  s ~ - , p ~ ? d  b3.u t o  i t s  o r i g i n a l  curv=d i'orm. I n  
sTecLxens b n v b g  8 o r  1 7  lon: i t7tdiml s t i f f e n e r s  a a  w e l l  
as r j n g  ct i f ' funers ,  t-iifl sud2cn buckling a c t i c n  and sub- 
sequent falliiy: 0 - T  of t3e t o - q w  occurred r13pcatcdlyy 
alchoLigh a t  graSuall] iwrmsTng v a l w o ,  u n t i l  all panels 
were buckled. 

. 

Measurements 

In sedition t o  v i s u a l  observations of  t h e  behavior 
of t h e  cy l indc r s  and t h e  determinat ion of buckling and 
u l t ima tc  t o ? q w s ,  me3.;uure;nc I t a  of over-all t w i s t ,  radial 
d c f l e c t i o n s ,  ana st;-;lim wc,re made. 

The twists wcre dcterminc..d by means of a 10-inch 
lcvcl.  bar, u s e d  i.n t h e  m n n e r  iadicatod i n  f i g u r e  3. 
This imt ruac r t t ,  squipp,cci with a 45-second b&ble  cznd a 
micromotcr ezrew gradur!,t.ed i n  9.291 inch, 'GJG,E: s!?nnitive 
to cktai-gcs ti1 slope of abo1,rt cne p a r t  .in f i f t y  thousand. 
Tho r e f e r m c c  bars f c r  t h c s e  measilromen-Ls , which a l s o  
servcd  t o  support t he  r e fe rence  :w:d for maintainine; 
v o r t i c a l  p o s i t i o n ,  'wore 1-ocatcd on t.he i n s i d e  f a c e  of 
t h e  end bulkhoadg. 
assizned t o  be 35$inches, cr t h e  d i s t a n c e  between bulk- 
k a d  c e n t m s ,  

The c1:f'ective l eng th  of spectrnen was 

R a d i a l  d e f l e c t i o n s  wsrc determired by means of  a 
d i a l  gage gradiiatec! i n  O.ilO1 inch and mounted on 3 s l i d i n g  
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p ivo t  on t h e  r e f e r w c e  brtr l oca t ed  a t  t h e  c e n t e r  of t h e  
cyl";d?rs as rkoi:n ir. ?'igum 3. Thj.s i.n.!iicator could be 
izaei! t o  t raverse  t h e  ciitir.: inoi2.e surfaee of t h s  speci- 
m m s  wlth t!;e e s c , q ~ t . i m  of' a i3ngth of about 4 inch-ss 
at. s,?,cli sn2. Rir4:d wl th  ~ i , 2 : t t c r e ~ s  were used on b3th 
s i d e s  of t h e  Zti-ict t o  i_7r~'mt slidin12 whiie reaaings a t  
ar-y one s e c t i . n  ver.:: Seiiig trl.!.rsn, The proc$d . r e  fcllowed 
w m  t o  1.ajr oi1.t a rc,:Te;-eii=e grid on one or nore  p i l e l s ,  
including thc: stif'.i'cnflrs a long t h e  cl:lgey which would 
p r w i d e  s u f f ' i c i e r t  2ei.a -Lc 2 ~ 2 i c a - i ; ~  ' -he Froc res s  find pat- 
t e r n  of t h e  bGckling ac- t ton of ths slicet an6 s t i f f e n e r s .  
Fa:mlo a? jecerzt t o  t 2 e  lowi.tuc-.i:iel 5ean of t h e  syecirnens 
were rick cons?.&wei!. si.iit~..bL.c.: for tnis purpcne , although 
tkei.r  i t c : t i x  ganerel.ly d i d  not ind-icate  any s i g n i f i c s n t l y  
d i f f e r  e n t  be hav i or. 

Stra in  mesmre!nent;s on t h o  l.ongj.t,udiml s t i f f e n e r s  
were mi6:= by 1?'3-21?-s or' i .ot 'h 2 - 4  t y p e  A-1 wire - re s i s t ance  
s t r a i n  gages ZEZ a 13- inch  bJ2iittem:rz st,raiq gz.23. The 
k?iit,tem=lrv a";i-ain g;;es~; :.;i',s rxx s z i t o d  for m?;apurement.s 
of' extrenne fiber. s t . r? .esoa,  al.tiicu,$ t h e  p V g e  l c n g t h  was 
t e o  lcng i n  mcz t  C E  -to be senoit,i-ve t c  w,,ric?.tions i n  
ben<i:!ig Zion: xhe lc?iy;th o f  t.iif: s t ! f foners .  The wire 
E t r a k  gags8 here too TiPde to be cr -wntod  to t h  curved 
f'l.a;gea of -the lone i t i i r= i .~a l  s t j  ffcme1.s and helice could 
be plzced only on t h c  3i6es tihers tlizy were r 2 1 x t i v e l y  
inRcnni ti-vc: t o  ben?!ingl. A few s t r a i n  me?siireasi;tE were 
taken on t h o  r i n g  s t i f f s n e r s  i n  tile f irst  t e s L s  by means 
of wi.re gages, but  t h e s e  determinat ions were not con- 
t i nued  on a l l  specimens. 

F i p z - e  4 shows t h e  i n s t r i m e n t a t i o n  used i n  t h e  de- 
terminar;ion of s t r a i n s  by mmns of the  wi r s - r e s i a t ance  
gages.  Unit s t r a i n s  w e x  m a d  d i r e c t l y  iii m i  crDlnches 
by means of t h o  Baldwin Southwark SR-4 s t r a i n  i n d i c a t o r .  
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Cornpiitation of S t r e s s e s  and 4ngles of T w i s t  

Average shear  s t r e s s e s  w?re coaputed from t h e  re- 
la-t i c n  

where 

7 shcar s t r e s s ,  po i  

T toyquc, f t - l b  

D mean d i m e t e r ,  ln. (30.08) 

and 

t shee t  t h i ckness ,  !n, 

Ar,gles of t w i s t  were compte2 from t h e  yelation 

whei-e 

8 cvcr-al.1 t w i s t ,  r ad i ans  

L length,  i n .  (35%) 

and 

G modulus of e l a s t i c i t y  In  shear ,  p s i  (3,95?,000) 

Measured sti*air,s were rtdirced t o  stress?s using a 
m d u l l 1 s  of e l a s t i c i t y  of  10,500,000 p s i  and a P o i s s c n ' s  
r a t i o  of' 1/3. 
pr ' lncipal  stresses i n  t h o  shee t  ware detuemined frQm t h e  
r o s e t t e  d a t a  by maans of the us1:al b i a x i n l  stress r e l a t i o n s .  

The d i r e c t i o n  and t h e  m g n i t u 2 e  cf t h e  

The nore complex formulae used f o r  t h e  cornpiitation 
01 shear-buckllng T'aliios and t h e  s x e s s s e  accompanying 
t e n s j o n - f i e l d  act,ion a r e  s m r i z e d  i n  t h e  appendix. 

Aux i l i a ry  T e s t s  of S t i f f c n e r s  

S:nce t h e  l n n g i t u d i n a l  s t - t f f ene r s  kwrc: formed ~ e c -  
t i o n s ,  t h e  a c t u a l  dimsnsiono d i f f e r e d  s l ? g h t l g  f'rm t h e  
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AlthoiAg% nu-?i?ro:?.s toi-si.cn t e s t s  cf Lmstiffened c i r -  
c u l a r  c y l i n d e r s  haw hseil  r epor t ed  ( r e f e r e n c e s  6 and 7 ) ,  
t h e  b o h s v l o r  of spzcim:;-ns of' t , h i s  t;Te provides  a l o g i c a l  
a'car-t!.ng p o i a t  :"cr eva lua t i cg  the ef?ect#iver;ess of st",f- 
enei-s i n  i n c r e a ~ j n g  tile shsar-bi.lckli= reo: s t sr ic :~  cf 
curved sheet .  Fl.gc.re 5 8hGwfl tjPic;al t o r q u e - t u i s t  ClJrveS 
and i n d i c a t e s  obscrT,-ed buckling ranges a3 wel l  as theo- 
r e t i ca l .  buckl-i,y: t;or.q!;os f o r  different l e n g t h s  of cy l in -  
d r i c a l  s a c t i n n .  The t i i t x e t l c a l  va lues  weri: corcputed 
wcoru' ing t o  re feranca  6, aaL?mLrLc hingad edges. Data 
on messlzred wave l m g i h s  a112 a.xl.es of Suckl6s are a l s o  
included. Pig~u-es E t o  1(? akow the  natxTe and t h e  ex- 
tent of  t h e  buckling a c t i o n  produced. 

A s  i nd ica t ed  by t h e  sha-pe of thc to rqae - twi s t  
c w v e s  i n  f i g w e  5, kr'31l--def incd  suckl ing va lues  were 
o b t a l n d  i n  ~ l l  cases. Repeat;d t e s t s  of  thc same speci-  
wen d i d  not  glve i d c n t J c a l  ~ a l i i c s  cf Fuc!:ling to iyke ,  
a l thcugh the  dif ' fsrcncss obtain< d were n c t  large. 
m m  t o rques  i n  any one s e r i e s  oi' t e s t a  ranged from 83 
t o  90 percent; o r  the maximum. 
r e s i s t a n t  a c t i o n  before buckling, t h o  torsional st i f f -  
ness waa in  good a g r e m e n t  with t h a t  compv-ied. 

Mini- 

Within t h e  rarge ol" snear- 

The maximm dep5;is of  b i c k l e s  shown i n  f i g u r ? s  G 
t o  1q range from ab0:Jt 3/15 lnch f o r  t h e  cl-ost?,st opctcing 
cf' ring s t , i r f cne ro  t o  about 5/9 inch f o r  t ho  widest 
spacing. 
pr7dLiccd rep3atedlJ wi t h o r t  an, cons i s t en t  o r  appreciable  
d i f  erencb i n  t l i c  req. i i rcd t(-rqiie i n d i c a t e s  t,hat, t h e  
a c t  ion was essentiall(  c l a s t  ' c .  IT sho , Id  n o t  be assum4:d 
from t h e m  tests, however, t h a t  s l i g h t  l o c a l  p: 1-rnanent 

The  f a c t  that ,  Suclrle3 of t h i s  dcpth could bc 
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sets are not e p o s s i b i l i t y  a t  low shear-bucklfng s t r e s s e s .  
\men a l a r g e  huckl? s w h  as t h a t  shown i n  f l g w o  6 i s  
forxnsd r a t h e r  v i o l a n t l p ,  s o m  part of t h e  s h e e t  ma2 ba 
el-bjccced t o  a akarp enough curmt1a-e tc :  l eave  a noti-ce- 
a b l e  permanent crease, althci..gh the  buckling r e s i s t a n c e  
i n  su'oseqixent t e o t a  ma; not be m a t e r i a l l y  a f f e c t e d .  Such 
a n  obsc rva t ion  wag mrie i n  t h e  case of' specimen 1 6  f o r  
a shear  stress of  O n l j r  about 1100 p s i ,  

Table I show t h a t  t h e  avorage observed shear- 
bi:ckLing stresses ranged from 77 t o  93 pe rcen t  of t h e  
t h e c r e t i c a l  values  based on r e fe rence  6, assuming hinged 
edges. Some r e s t r a i n t  wasJ of coin-sr:, obtained a t  t h e  
end bulkhqads and thz intormediate ring s t i f f e n w s ;  al-  
t h o l s h  for  t h e  L/D r a t i o s  inves t  !gated, a n  a s s m p t i o n  
of cl.unped edges would have increased t h e  t h e o r e t i c a l  
b v c k l i w  values  only 10 t o  1 2  percent .  P a r t  of t h e  d i a -  
crepancy betwecn obser-:ed and t h e o r e t i c a l  blickling 
s t r e s s e s  iandoubtcdly ma;' be at?;ributcd t o  l o c a l  out-of- 
rounckess or i n i t i a l  buckles i n  t h e  cy l inde r s .  The d i f -  
fercnco between t h e  observed buclcli% va lues  f o r  specislens 
13 and 13A i n d i c a t e s  t h a t  a more unilorm d i c t r i b u t i o n  of 
shear  stmss and consequontly a hi&or bvckLiw value 
m y  be obtalncd f o r  i n t e r i o r  p n e l s  t h a n  for panols  ad- 
Jacsnt  t o  t h e  s e c t i o n  of torq iw app l i ce t ion .  The ob- 
sor-md angles of buckling ranged from about 30 t o  100 
greater t h a n  those computed according t o  ro fe rcncc  6,  
t he  d i f f e r e n c e s  being grsatcst for t h e  c l ~ o s c s t  spacing 
of r i n g  s t i f f e n e r s .  The meaaursd wave lengths were a l o o  
somewhat greater than were computed. 

I n  gene ra l ,  t h e  r e s u l t s  of t h e s e  t e s t s  arc i n  Pai.r  
agreement with those reported by o t h e r  i nves t  igntors. 
The experim3ntally determined buckling -torques gl.ven i n  
rCfer3nce 0 i'cr cyli_ndcrs w i  tho:it i.ntermc:d i.ate r-irg 
st If f e n e r s  averaged abo:.lt 75 pel-cent of tho ti-ieoret,ica.l 
values  for c lmped edgc,s with a minimm cf 60 percent 
of t h e  t h e o r e t i c a l ;  whereas t h s  observed n l u . c s  for th.2 
preccnt  t e s t s  averaged .about 85 pzrccnt  of tli.: tboore t  i- 
ca'L for h.ingcd edges with a min.iraum i n  any one tw t  of  
70  percent  of t h c  t h e o r e t i c a l .  Tho mctkod of computation 
g iven  i n  ANC-5  ( r e fe rence  1) is q u i t e  conservat ive i n  
t h z t  it assumes t h a t  tkie miniminn  bcckl ing r e s i s t a n c e  t o  
be expected fo r  averags cy l inde r s  of t h o  p ropor t ions  con- 
s idered w i l l  not exceed about 60 pcrcent  of t h e  thoo- 
r e t i c a l .  
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%uckl.l.ng o r  Curved pane l s  

F i g w e s  11 and 16 show t h e  torque-twist  curves and 
t h e  blickl.Lng ranges o r  values observed I’or 10 diff‘erent  
s i z e s  of cllrvcd shee t  panel.  Although tile torqiies for 
f i r sv  buckling were TaLrIy we l l  def‘incd, a l l  l;ke penels  
d i C  not, biickle sim1rltaneousl.J and i t  was neccsserJ  i n  
nos5 case3 t o  determine “Ye raAg;ea cvcr  wkich t h i s  ac- 
Lion ci:cu;-red. The minimim bueliling vallies Tor t h e  
d i f f ’ e r m t  s i z e s  nf’ Fanel shwn J n  f’igvre 11 ra rqed  from 
74 to 8? percen t  oj’ th,: insximum val.ues. For t h e  speci-  
menD having more t k a n  one spacing of r ing s t i f y e n e r n ,  
t h e  buckling of t h s  laygeat panels  was t h e  onls  a c t i o n  
d e f i n i f e l l r  r e f l e c t e d  bv the torque-twist  r e l s t i o n s .  
B~j.c!iliw ranges o r  values  f o r  she smaller pane l s  were 
detcmif ied by v is l ia l  o3servat ion. 

F igu res  1 2 ,  13, and 14 show t h e  n a t w e  o f  tho buck- 
l i ng  a c t i o n  obtained i n  t,he panels  where rerlisl de r l ec -  
f i o n s  were meae’ired. ‘rho anglsa of ’Yrst buckling were 
I n  every cas? s l i g l i t l j .  l e s s  t h a n  dicwn i n  fig;inr.e :5 f o r  
spec-irnens havir& t h e  sane spacings of rin&‘ s t i f f e n e r s  
but  without l o n g l t n d i m l s ,  i nd ica t ing  t h a t  t h e  l o x i t u d i -  
nals had a s i g n i f i c a n t  e f f e c t  upon tile b n c k l i r g  c h a r m -  
t e r i , s t i c s .  The e f f e c f  of t h e  1cngitudinal.s probably 
would ksve been mr3i-s pronouiiccd had t h e  spac lcgs  not heen 
appA-oximatel;- equal  t o  a mul t ip l e  of the  buckle w3ve 
lengths obtained without t h s s e  s t i f f e n e r s .  

Table I1 simmrizes t h e  mean observed shear-buckling 
s t r e s s e s  f o r  a l l  s i z e s  o f  panel and Gives corresponding 
computed va lues  obtained by s e v e r a l  methods, R a t i o s  of 
t h e s e  cbserved t o  comp:ted b7xkling stresses are given 
i n  t a b l e  111. O f  p r i n c i p a l  i -n t e re s t  from t h e  s-Landpoint 
of des ign  i.s t h e  f a c t  t h a t  -the experimental bi~.ckljh$ 
values  exceed t h o s s  computed according t o  A N C - 5  
(re-yersnce 1) 5.y as much as 3? t o  130 pe rcen t .  
g r e a t e s t  d i f f e r e n c e s  a r e  shown for t,he panels  formed by 
a c l o s e  spaci.ng o f  riix s t i f f o n e m .  
were obtained b j  computing t h e  b lxk l ing  s t r e s s e s  fc r  
f l a t  pane l s  having t h e  same proport ions as thosz  t e s t e d  
and adding a factor for  curvature .  Einged edges were 
assumed, althoixgh for a l l  but t h e  c l c s e s t  spactngs of  
r€ng s t i f f e n e r s  t h e  aasumptlon of  p a r t i a l  “r even com- 
plete  edge f - lx i ty  rlrould not have altered t h e  r e s u l t s  
appreciably.  

The 

The ANC-5 v a l w s  
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The shear-buckling s t r e s s e s  com-putd according t o  
r e fe rences  3 and 4 a r e  i n  much b e t t e r  agreement with ob- 
served valves ,  although here e e a i n  the  g r e a t e s t  d i f f e r -  
ences a r e  skown f o r  t he  c lohes t  spacings of ring s t i f f e n e r s .  
The method of r e fe rence  3 was derive6 f o r  i n f i n i t e l y  long 
c . z v e t  ? l a t e  s t r i p s  haviq9 simply mpported edges. It 
vas aaoumed t h a t  t h e  buckling v s l ~ i e s  f o r  panels  of  the  
Lengths coiisiderei! were equal t o  t h e  computed values  f o r  
i n f i n i t e l y  long panels  mul t ip l j ed  by t h e  r a t i o  of t he  
c o q u t e d  values  f o r  c o r r e q o n d i n g  f la t  panels .  I n  only 
t v o  cases  were the  buckling values  obtained by t h i s  pro- 
ced-ure on t h e  unsafe s ide .  The method of r e fe rence  4 is 
more conservat ive an+ appears t o  o f f e r  a somewhat more 
p r a c t i c a l  basis f o r  desjgn. F a i l u r e  t o  t a k e  proper ac- 
count of edge r e s t r a i n i n g  e f f e c t s  is  probably p a r t l y  
responcible  f s r  Its q p a r e n t  shortcomings f o r  c lose  
s t i f f e n e r  spacincs .  The h p o r t a n c e  c f  t h i s  f a c t o r  is  
indicated by t h e  f a c t  t h a t  t h e  t h e o r e t i c a l  buckl ing  value 
for a 9 inch-long imst i f fened c y l l n d r i c a l  s e c t i o n  of t h e  
proport ions t e s t e d  is onlp about 1 2  percent h ighe r  f o r  
f ixed  than  for hinged edgsa; whereas for a 2-inch-long 
s e c t i o n  t h e  corresponding increase  i n  buckl ing  value is 
about 40 perceDt. 

I n  the  t e s t 3  of t h e  spccimens having r i n g  s t i f f e n o r s  
or& it w i l l  be r e c a l l e d  from t a b l e  I t h a t  t h e  observed 
buckling s t r e s s e s  averaged about 35 percent oi t h e  theo- 
r e t i c a l  based on referencc: 6,  assumiw hinged edges. 
Table 117: shows t h a t  t h e  mean observed b u c k l i r !  s t r e s s e s  
f e ~  different lengths of cy1 indrlcal  secticno hsvipg  
8 lo,agitudinal s t i f f e n e r s  were from 92 t o  106 percent  
cf t he  t h e o r e t i c a l  velues  f o r  t h e  s a m  lengths of 
unat i f fened c,.lin&,rs; whereas t h e  buckltng valuon f o r  
cy1 1ndei-s having 1 6  lo r ,g i tud in i~ l  s t i f f e n e r s  were frm 
26 t o  56 percent  g r e a t e r  t h a n  the  t h e c r e t i c a l  Tor the 
ccrresponding unst i f fened cy l inders .  Figure 15 i l l u s -  
trateR t h c s e  relati ons between shear-buckling str9ss, 
L/D r a t i o ,  and t h e  nmbcr  cf l o n g i t u d i n a l  s t i f f o n e r g .  
It appears from t h e s e  t e s t s  that t h e  buckling s t r e s s  
f o r  an  Lmstiffencd cy l inder  mj be increased ab015 20 
percent by adding 8 equa l ly  spaced longitudinal.  s t i f f e n e r s  
or inci-eascd about 60 percent by adding 1 6  e q u a l l y  spaced 
s t i f f e n e r s .  

Although t h e  r e l a t i v e  m e r i t s  of d i f f e r e n t  s izes  of 
l o n g i t u d i n a l  s t i f f e n e r s  have’ not been inves t iga ted ,  t h e  
p a r t i c u l a r  s e c t i o n  chosen f o r  t h e s e  t e s t s  was adequate 
as far as buckling r e s i s t a n c e  was concerned i n  t h a t  it 
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remained e s s e n t i a l l y  s t r a i g h t  a f t e r  buckling of t h e  sheet  
panels .  
and s t i l l  accomylish the  same r e s u l t  is, of corn-se, not 
known, It i s  i n s t r u c t i v s  t o  point  out t h a t  as far  as 
t h e  shear-buckling r e s i s t a n c e  of t h e  p a n d s  was concerned, 
t h e  p a t e r i a l  i n  t h e  s t i f f e n e r s  might have been used some- 
what mwe e f f e c t i v e l y  if it had been added uniformly t o  
t h e  cy l inde r  w a l l  thickn5ss.  According t o  computations 
the shear-buckling r o s i s t a n c c  wculd have been increased 
about 40 percent by uti1j.zir-g t h e  m a t e r i a l  of G longi -  
t u d i n x l s  o r  80 pcrcent by u t i l i z i n g  t h a t  of 16 Bti f feners .  
Thase inoreases  i n  buckling r e s i s t a n c e  a r e  s l i g h t l y  
g r e a t e r  t han  obtained by the  use of s t i f f e n e r s .  

HCW much smalle- t he  s t i f f ' eners  mig?it have been 

Tensicn-Field Act ion 

T e s t s  to f a i l u r e ,  involving the  a p p l i c a t i o n  of t o r -  
quea of fx-om f o v  t o  s ix  times t h e  values  reqiiired t o  
produce f i r s t  panel b:xkIi.ng, were made cn only f o u r  
cy l indcrs .  F igure  16  shows complete torque-twist  curves 
f o r  t h e s e  specimens and i n d i c a t e s  buckling r a x e s  and 
maximim torques. 

The a c t i o n  of  s t i f f e n e d  c i r c u l a r  c y l i n d c r s  i n  t h e  
t e n s j o n - f i e l d  rango is  so complex t h s t  no at tempt  has 
been made from t h e s e  fow t e n t s  t o  rormulate g e n t r a l  
crnclusions regard ing  such behavior. Some i n d i c a t i o n  
of t h e  p r i n c i p l  elements of t nc  problsm m j r  bc, obtained, 
bcwever, from a cons ide ra t ion  oA7 t h e  t o r o i o n a l  s t i f f n e s s  
a f t e r  bucklip!,  t he  buckle p a t t e r n s  snd sheet strosscs, 
t h e  s t - e s a e s  and d . ~ f l e z t i o n o  prodaced i n  t h e  s c j  f ' l 'mer s ,  
and th,; u l t ima% tcrsional stzongths .  

Torsional  t t i f f n e s s .  - The torque-twist  curves i n  ---- 
f i g u r e  1 6  i n d i c a t e  i'oixr d i s t i n c t  s t a g e s  i n  t h e  behavior 
of t h e  cy l inders :  (1) the  range of s h e z r - r e s i s t a n t  ac- 
t i o n  before  b'dckling, fo? which the  tors - icna l  s t i f f n e s s  
may be p red ic t ed  c loso ly  on the  assumption or" pure 
shear;  ( 2 )  t h e  buckling rangc, where t h e r e  i s  n marked 
decrease i n  t h e  t o r s i o n a l  s t i f f n e s s  as t h e  sheot  is being 
s t re tched  t o  where it is  capablo of  t r a n s m i t t i n g  shear  
by diaGonal tens ion;  (3)  the  t e n s f o n - f i e l d  range i n  which 
t h e  shear  i n  excess of t h e  buckling value is c a r r i d  
p r i n c i p a l l y  by tens-lon i n  t h e  sheet, and an aFproxjmztely 
l inear r e l a t i o n  between torque and t w f s t  is a g ? i n  obtaincd; 



IYP..CA ARR No. 4x31 13 

and (4) ul.timatc f a i l u r e ,  which m y  o c c w  e i t h e r  by 
f r a c t u r e  of' t h e  shi.et or by co l lapse  of sone elemont cf 
t h e  s t i f f s n e r  systcm, 

Torsional  s t i f f n e s s  i n  the range a f t e r  buckl ing  
appeers t o  be dependent n c t  on13 upcn shee t  t h i ckness  
and proport ions c f  Fznel but a l s o  upon the  p r o p e r t i e s  
of' t h e  sti-fi 'sners. The use of two or mwe q c i t o  d i f f w -  
en t  r i n g - s t i f f e n e r  s p x i n g s  I n  a l l  opecimens except 
specimen 15 mde  i t  irflpos,sible t o  evaluate  t h e  s t l f f n e s s  
of the d i i f c r e n t  sizss of  panels rrom measurements o f  
over-all  t w i s t  only,  Ratios of %lie r a t e s  of twist a f t e r  
buckling t o  those bef?i-e huckl ing  were app?*oxbna,toljr as 
~ o l l o w s  : 

Gpccicien 14 - 3 .9  
Epec3at.n 15 - 4.1 
S p c i m c n  20 - 3.2 
Spoclmcn 2 1  - 8.8 

The Tact that specjmen 21 wzs t h e  s t i f f e s t  i n  ths tension-  
f i e l d  range is not s m p r i s i i v  i n  view of  t h e  c loso  spztc- 
i r q y  0;: s t i f f e n e r s ,  al thougn a n  exp1amt:';on for .the 
r e l a t i v e  s t i f f n e s s o s  of opscimens 14, 15, and 2 3  is  not 
apparent from inspect ion.  The lalrge decroase i n  t o r -  
nional  s t i f f n e s s  a f t e r  l m c k l i q  is evidsnce of scveral 
f a c t c r a  of ixtportai-xe in a n  anAys.is of' t e n s i o n - f i e l d  
ac t i cn :  
t e n s i l e  s t r e s s e s  i n  each pznel., ( 2 )  t ha  a t re tc l i ing  of  
the  shee t  be%wosn l o n g i t u d i n a l s  from an  arc t o  a poei-  
t i o n  appronchirg t h e  chord, and (3) t h o  r a d i a l  dei'lec- 
t i o m  of the l o n g i t u d i n a l  and ring s t i f f e n w s .  

(1) t h e  arg1.j and d i s t r i b r i t i o n  c f  t h e  diaagonal 

Buckle p3t torns .  - F i g w e o  1 2 ,  13, m d  14 ,  provi- 
ous ly  rcforred t o ,  i1 lus t rnr ;e  t h e  buck l i r a  c h a r a c t c r i s -  
t ics observ3d for t o r q m s  covering t h e  g r e a t e r  p a r t  of 
th,: t o n s i o n - f i o l d  range inves t lgafcd .  Th.? p o s i t i o n  and 
angle  of buckling, which it should b.: noted are not, con- 
s t a n t  w i t h  varylng torqucs,  a r c  i n d i c a t i v e  of tho  pa ths  
of' the p r i n c i p a l  diagonal tonsiono,  
d e f l e c t i o n  cwvcs ahown i n  figure 1 7  g i v c s  a n  i n d i c a t i o n  
of t h o  progress  of  t h i e  buckling. 
which t h o  number of buc'd-os and t h e  l o c n t i o n  of t h e  
p o i n t s  of maximim der1 e c t i o n  remained f z i r l y  constant ,  
t he  cumes  i r ,dicate  well-defined buckling z c t t o n  wi th in  
t h e  range of  c r i t i c a l  torques se lec ted .  In  those  casc3 
where tnore  was a s h i f t  ir, t h o  buckle p a t t e r n ,  hovevcr, 

Tho t o r q u e - r a d i a l  

I n  those  cages fo r  
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the  break or knee i n  the  to rqve -de f l zc t ion  c w v c s  which 
is i n d i c a t i v c  of b,-ickllng was less pronoixnced. 

Sheet s t r e s s e s .  - Figurcs  18 t o  2 1  show t h e  torqut  
s t r e s 3  r e l a t i c n s  obtained from t he  s t r a i n  r c s e t t e  m a s -  
iirimcnts. I n  a11 c93cs t h e  s t a s s e s  given  are t h e  
avcragon of t h e  nenhwed values  on t h o  two s ides  of t h e  
shee t ,  
were reasonably cons i s ton t  with t,hose computr;d on t h s  
ass impt ion  of pure shenr.  The diagonal t e n s l o n s  and 
ccxqretisions were a p p r c x t m t e l y  eq.-inl t o  t h e  agernge 
shsars and w o m  incl inod 450 to t he  l o n g i t u d i n a l  nxis of 
t h e  spccimenc. Tho+ b-rckling t o r q m s  indiczti.  d by t h e s e  
s t r c s s  de terminzt i o m  were v i t h i n  thi: r-inges determined 
Trom t h e  twist m as1:rSmciito. A f t e r  b u c k l i w ,  t h e  d i x -  
on21 t e n s i o n s  continlxul to  vary linearly with  torque 
but  their magnitlxha incrcnsud t,o two o r  more times t he  
avarsgo shears  and thcre  %:as a parked shift i n  thc. i r  
d i r e c t i o n .  The correoponding diagonal conprcssions 
~ a r i e d  l i t t l c  i n  most c;11sos from t n c i r  vnllres a t  t h e  
buckling torqvea.  

---. 

I n  general ,  til(? neaslwcd stresms b e f o r t  buckling 

In  vicw of t h e  tyys  of 'ouckling ahown i n  f i g u r e s  
12, 13, and 14, it ' ~ a 3  nst expocted t h a t  a very accura t e  
measwe of t h e  mxqauq shoet s3rcsseo asccmpznying 
t e n s i o n - f i e l d  a c t i o n  could b.j obtained. I n  cases whom 
strcsscs were measured z t  nc re  than  cnc l o c n t i c n  i n  t h e  
s m i :  panel ,  t h e  vsli:es a t  thc  s e n t c r  were the  h ighes t .  
An exccpt ion  t o  t h i s  r u l e  probzbly woxld h z v  been 
'ound had s t r a i n  me;s\xcmmts bczn tzken  cn specimen 1 9  
(se? buckle p s t t e r n  i n  f i g .  1 4 ) .  Local bending stmssos, 
which gavl,rn pemsnent  blickling c h o r a c t e r i s t i  cay  were 
o b v i o u d p  ml;c:k: Xgii[ r than an2 of t h o  averrqp valucs 
ind ica t cd  but t h e  l c c a t i o n s  and mxgnit,udcs of  t h e s e  
c r i t i z a l  s t r e s o e o  17ere 0.' co 'dxc unknown. 

The i r r c g d a r i t j e s  shown i n  c e r t a i n  of t h o  torquo- 
s t r e s s  re l -a t iona for specimmo 15 and 21, i n  the lrmgc1 

j u s t  a f t e r  buckling, ncly apparmt1;T be s t t r i b u t c d  
lai-gely t o  t h e  e f f e c t  of s h i f t i n g  buckle patterns. For 
those cmcs,  t h e  computed angles of maximum t e n s i o n s  
ranged from a'coL1.t 450 before buckling, t o  v,,lues as low 
as 130 a X e r  buckLing. The fact  that the.ne a,rg1es were 
no5 cons is ten t  with t h e  wave snelos ohovn i n  f i g a e  1 2  
suggests  t h a t  t h e  s t r e s s e s  mcasvred were not the  r x i -  
mum termions developed i n  t h e  p a r d s .  I n  opeclmens 14 
and 20, where t h e r e  was l e s s  s h i f t  i n  t hc  buckle p a t t e r n s  
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r e l a t i v e  t o  t h e  s t r a i n  r o s e t t w ,  ci b e t t o r  a g r e e m n t  bc- 
twcon aliservcd an@cs of  buckling and computud ang le s  of 
maximum tons ions  w m  obtained. 

S t i f fmwi  stresses nnr? d e f l e c t i o n s .  - F i g u r e s  22 t o  
- _ I - _ ~ - c - - c . _ l l l - - c I - -  

25 i rd i . ca t c  tJie m m e r  and oxtont. t o  which t h e  a t i f f e n e r s  
p a r t i c i p a t e d  i n  t h c  d e v e l o p e n t  of t e n s i o n - f i e l d  a c t i o n  
a f t e r  b u c k l i m .  The r e l a t i o n s  between torque and average 
cornpreasj-ve s - t r e s s  i n  t h e  l o n g i t u d i n a l  s t i f ? e n o r s  were 
a p ~ ~ o x l ~ ~ t e l y  l i n e a r .  In  gene ra l ,  t h e  s t r e s s e s  i n c i c a t e d  
by t,he wire r e s i s t a n c e  s t r a i n  gages (13/16-in. g:age 
l e n g t h s )  a t t achsd  t o  t h e  oidea of t h e  l o i ~ i t a d i n a l s  were 
i n  fair a g r e e m n t  with t h e  averages of t h e  extreme f i b e r  
s t r e s s e s  determined by means of  the  10- inch Whittemcre 
8trai .n gage. Although t ' h e  u se  of  more than  one ri.ng--. 
s t i f f e n e r  spacing i n  a l l  specimen8 except opecimen 15 
r e s u l t e d  I n  d i f f s r e n t  degrees of t e n s i o n . f i e l d  ac-cion 
In  dif:i 'erent panels  and coriseqliently v a r i a t i o n s  i n  aver- 
age coinpressj.on alcng tho  l eng ths  of  t h e  l o n g i t u d i n a l s ,  
-it i s  believed t h a t  a f a i r l j  s a t i s f a c t o r y  measwe o f  
t ho  maximum compressive f o r c e s  developed i n  t h e s e  mem- 
b e r s  was obtalned. 

It is a7paren-k from t he  meas:rred r a d i a l  de f l ec -  
t i o n s  an2 the  s t r s s s - d i s t r i b u t i o n  diagrams included i n  
r i g u r e s  22 and 25 t h a t  t h e  l c n g i t u d i n a l  s t i f f e n e r s  wei'e 
sub,jccted t o  beEding as we l l  as t o  a x i a l  compression. 
It was not p o s s i b l e  from t h e  measwemonts made, however, 
t o  d e t e r a l n e  t h e  maximum i n t e n s i t y  of t h e s e  bending 
a t r e soes .  The l o c a t i o n  of the wire-resistance gages cr l  
t h e  s ides  of t h e  s t i f f e n e r s  made them i n s e n s i t i v e  t o  
bending and t h e  'Gihittemore readirGs gave only average 
s t r e s s e s  over 10-inch g;zge Lengths. The amount of in- 
t e g r a l  a c t i o n  developed between t h e  s t i f f e n e r s  and t h e  
shee t  t o  which they  were a t t ached  was a l s o  a n  u n c e r t a i n  
f a c t o r ,  

F igu re  22 g i v c s  t h e  r e s u l t s  of  t h e  few s t r a i n  
measurements nade on t h e  ring s t i f f e n e r s  of  specimen 14. 
Thcisc s t r e s s e s  were not only small but  appeared t o  be 
inflirenccd by l o c a l  bending e f f e c t s  which could not be 
fully evaluated,  The observed r a d i a l  d e f l e c t  i ons  give 
t h e  most d i r e c t  measilre of  t h e  o v e r - a l l  acfvion cf t h e  
r i n g  s t i f f ( .nore.  These d e f l e c t i o n s ,  as well as t h o s e  
of t h e  longitudinal s t i f f e n e r s ,  d i d  not vary l i n e a r l y  
with torque but; increased a t  a n  inc reas ing  ra te  as the 
shee t  was " s t r e t ched"  b=twaen long i tud ina l s .  The g r c a f e r  
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t h e  depa r tu re  of t h e  shee t  from i ts  o r i g i n a l  curved form, 
t h e  g r e e t e r  t h e  rad ia l  conponent of t h e  sheet  t e n s i o n  
a c t i n g  on t h e  s t i f f e n e r s .  
developed i n  t h e  ring s t i f f e n e r s  may be est imated by as- 
suming t h a t  t h e  d e f l e c t i o n s  were t h e  r e s u l t  of  a uniformly 
d i s t r i b u t e d  r a d i a l  n r e s s w e ,  s i n c e  t h e r e  was no s i g n i f i -  
cant d i f f e r e n c e  between d e f l e c t i o n s  measured a t  o r  midway 
between longi tudi  nals, 
inch shown i n  f i g u r e  25 f o r  t h e  c e n t s r  s t i f f ' i n e r  of speci-  
men 2 1  corresponds t o  a n  average compressive s t r e s s  of 
about 17,8CO p s i .  

The averagc compressive s t r e s s e s  

The maximum d e f l e c t  i o n  of 0.025 

Analysis of t e n s i o n - f i e l d  a c t i c n .  - Reference 5 ind i -  -- --. 
catc,s-the f a c t o r s  t o  be considered i n  a n  a n a l y s i s  of 
t e n s i o n - f i e l d  a c t i o n  i n  s t i f f e n e d  c i r c u l a r  c y l i n d e r s  and 
g i ~ e s  formu.las for compuz'ng t h e  p r i n c i p a l  s t r e s s e s  in-  
vc lved .  It is  apparent  from a n  attempt t o  check the  
behavior observed i n  tktx tests a g a i n s t  t h a t  computed 
by t h e  prcpoeed methods, howevsr, tha t  c e r t a i n  a s p e c t s  
of  t h e  probl<:m are still not w.311 understood. 

Tablc I V  shows a comparison betwoen meas.wed shcc t  
and st i f f e n e r  s t r c s s e s  and valueo compilted on t h e  assump- 
t i o n  ol" ccmplete t e n s t o n - f i e l d  a c t i o n  
p r i n c i p a l  t e n s i o n  lysed were assmr:d t o  cc inc ide  with t h e  
observed angles of buckl ing.  The f a c t  t ha t  t h e  r a t i o s  of 
m e a a u r d  t o  computed s t rcssos  f o r  thc: l a n g i t u d i n a l  s t i f f -  
ene r s  a r e  less than u n i t y  i n d i c a t e s  t h a t  p a r t i s l  r a t h e r  
t h a n  complete t e n s i o n  f i e l d  z c t i o n  shculd have been as- 
aimed. The ma jo r i ty  of t h e  ring s t i f f e n c r  a t r a s s e s ,  how- 
ever ,  exceed t h e  computed v a l u r s ,  t h e  d j f f e r e n c e s  i n  t h o  
case oc specimen 2 1  being considerable .  
measim d shec t  a t r e s s e a  are i n  f a i r  agr::omunt with those 
coraputed I 

The a n g l e s  of 

The maximum 

As i nd ica t ed  i n  rc,ference 5, t h e  ~ J S L  of the rather 
ccmplcx formulas proposed for jncomplete t e n s i o n - f i e l d  
a c t i o n  r e q u i r e s  t h r :  e v a l u a t i o n  of s e v e r a l  experimental ly  
determined f a c t o r s .  Excdpt f o r  t h e  degree of tension-  
f i e l d  a c t i o n  indicated by thc r a t i o s  of measured t o  com- 
puted l o n g i t u d i n a l  s t i f f e n e r  s t r o s s e s  shown i n  t a b l e  I V ,  
t h s s e  t es t s  ha-Je not  c c n t r i b l t e d  m a t e r i a l l y  toward such 
a n  ovaluat ion.  It may be shown t h a t  t ho  angles of buck- 
l i n g  observed for t h e  d i f f e r e n t  panels  are not  c o n s i s t e n t  
with t h e  so-cal led " w r j  nkling" f a c t c r  f o r  complete tension-  
field a c t i o n .  
spacing of ring E t i f f e n c r s  i n  a l l  spt:cimens cxcept 15 
precluded t h e  p o s s i b i l i t y  of eva1:iating t h i s  f a c t o r  from 

Furthcrmore, thi: use of more t h a n  one 
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measurements of o v c r - a l l  t w i s t .  Even i n  t h e  case of 
specim2n 15, where a detcrmi-mticn of t h i s  wr inkl ing  
f a c t o r  co7ild be made, ths coinptc-d angle of p r i n c i p a l  
t e n s i o n  was nc t  i n  agreement with tha  angle  of buckling 
obswved.  U n t i l  considerabl;' more d a t a  r e l c t  ing t o  
t e n s i o n - f i e l d  a c t i o n  i n  s t i f f e n c d  cy l inde r s  arc. availa- 
ble, t he re  appears t o  be litth b z s i s  f o r  making o ther  
t han  t h e  general-ly connervativo a s a m p t i o n  of complete 
t e n s i o n - f i e l d  ac t ion .  

U l t i m a t e  tors iopal .  s t rengths .  - Table V gives  the  
-m- -.---*.--.---- 

average s h m r  and tho  estjrnatod nax.imvm tensilo and com- 
preasive s t r e s s e s  devolopcd In t hc  fou r  specl.mons londcd 
t o  f a i l u r o .  In t h r e e  cases  f a i l u r e  occurred by co l lapsz  
of t he  longi tud€m,l  s t i f f e n e r s  as shcwn i n  f i gwee  26, 28, 
end 29; i n  the  f o u r t h  t h o  sheet fracti!.red .through the  
connections t o  one of the end b?!lkheads aa shown.in fig- 
ure 27. Tho f o u r t h  teot was the one which ind ica t ed  the  ' 

need for  providing r a l a t i v o l y  high s h e a r - r e s i s t a n t  panols 
n d j w m t  t o  t h e  end bulkhc.ads t o  cushion -t::nsion-field 
c f foc to .  Tho e f f ec t ivcccso  of t h i s  proccdure is  i r d i c a t e d  
by the f'act t h a t  t h e  avcrags siioar stress dsvaloped i n  
spr:ci.men 21 at  fa-llirro wao about 40 porccnt h ighe r  t han  
t h a t  developed i n  specimm 15, having t h e  same s t i i ' f ene r  
aystem exctipt f o r  t he  cushion panels  a t  the  ends. 

The l o n g i t u d i n a l  s t l f f a n e r s  of spesinens 14 and 2 1  
colla?eed a t  approximately t h e  same estimated average 
corilpressive stress, i n d i c a t i n g  that ,  the  l e n g t h  betwsen 
ring s t i f f e n e r s  rather t h a n  the number of l o n g i t u d i n a l s  
WELS t h e  cof i t r s l l ing  f ac to r .  The r i n g - s t i f f e n e r  spacing 
a t  tha  c e q t e r  of  specimen ?fJ was 50 percent  g r e a t e r  than 
i n  specimcns 1.4 and 21, and consequently t h e  long i tud j -  
nals collapsed a t  a lower stress. The bilckling s t r e s s e s  
developed i n  t h e  l o n g i t u d f m l  s t i f f e n e r s  of t h e s e  t h r e e  
cy l inders ,  f o r  r i n g - s t i f l e n e r  spacings of 9 inches and 
13.5 Inches, were i n  c lose  agreement wi th  t h e  s t r t s s e s  
developed by t h e  same lengths  01' ind€vidual  s t i f f e n e r  
scc t ion ,  t e s t e d  as f l a t - end  columns. Figui-e 30 shows a 
comparison of these  da t a .  F a i l u r o  i n  the  c o l l u ~ l  t e s t s  
occurred by t w i s t i n g  r a t h e r  t han  by floxlire,  which ac- 
counts for  the  considerable d i f f e r e n c e  shown between t h o  
t e s t  values  and the  computed Ei i le r  column c-mve. 

Permanent oe ts .  - Although no systematic  e f f o r t  t o  
determine r e l a t i o n s  between buck1 ing ani3 f i rs t  pemianent 
set, c h a r s c t e r i s t T c s  was mde  i n  these  t e s t s ,  some infor -  
mation r e l a t i n g  t o  t h i s  aspec t  of hehcvior wa3 obtained. 
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The photographs i n  f i g u r e s  26, 28, and 29 were t aken  
with considerable  torque on t h e  c j l i n d e r s  t o  emphasize 
t h e  buckle p a t t e r n s .  Except i n  t h e  v i c i n i t y  of t h e  
l o n g i t u d i n a l  s t i f f e n e r s  which col lapsed,  t h e  greater 
p a r t  of t h e s e  buckles i n  t h e  shee t  disappeared when t h e  
torque was removed. F igu re  27 Ehows p r a c t i c a l l y  no evi-  
dense of permanent b,lckling i n  t h e  c e n t e r  pane l s  of 
specimen 15 af ter  t h e  a p p l i c a t i o n  of  a n  average shear  of 
14,400 p s i ,  accompanied by sheot d e f l e c t i o n s  ae high as 
Q.35 inch. The t,orque-twist cxrve shown f o r  t h i s  speci-  
men i n  f i g u r e  16, however, i n d i c a t e s  c c m i d e r a b l e  over- 
a l l  permanent se t  f o r  a torque equal t o  only about 80 
percent  o* the rnaxImm. Measured d e f l e c t i o n s  L’or speci-  
men 14 i nd ica t ed  t h a t  depths  of  b w k l e s  of  about 0.25 
inch wer? prodilced by a n  average shea r  of 5100 p s i  with 
no apprec i ab le  s e t ,  althovg;n s,ibsequent l oad ing  of t h i s  
specimen showed a reduct ion i n  mear? buckling v a l m  of 
abo:it 8 pe rcen t .  I C  appears  from t hese  d a t a  t h a t  tests 
t o  determine l o s s e s  i n  b u c k l i n !  r e s i s t a n c e  may provide 
a more s e n s i t i v e  meas-7r.e of s i g n i f i c a n t  permanent set  
t h a n  d i r e c t  raeasuroments of permanent shee t  d e f l e c t i o n .  

The t o r s j o n  tests OP s t i fFensd  c j r c u l a r  cy l inde r s  
descr ibed j n  t h i s  r e p o r t  are t h e  P i r s t  of a s e r i e s  t o  be 
completed i n  a n  experimental  i n v e s t i g a t i o n  of  t h e  shear- 
buckling r e s i s t a n c e  and s t r e n g t h  of s t i f f e n c d  cnrved 
shee t .  Although a number o f  observat ions of i n t e r e s t  
havo been made regarding t h o  bsha-rior of t h i s  p a r t i c u l a r  
groL!p of 0.02O-iEcil t h i c k  24s-T cy l inde r s ,  a d d i t i o m l  
tests are I n  p roe res s  which shculd be considered be fo re  
a n  at tempt  is made t o  f o r m d a t e  gene ra l  conclusions.  
mcst s i g n i f i c a n t  r e s u l t s  cbtained thus  far may be sum- 
marlzed as follows: 

The 

1. The shear-biickling s t r e s s e s  observed f o r  t h e  cyl-  
i nde r s  having r i n g  s t i f f e n e r s  only averaged about 85 per- 
ce9t of  t h e  t h e o r e t  :tal values  computed a c c o r d k g  t o  
Donnell, ( r e fe rence  6), assixning hingcd edges. This  aver- 
age is about 40 percent  higher  t h a n  t h e  minjmuT t o  be 
oxpectcd *ram average cy l inde r s  of t h e s e  p rcpor t ions ,  
according t o  ANC-5 ( r e fe rence  L ) ,  
of these t e s t s  are i n  Fair agreement wi th  those  previous- 
‘Is r epor t ed ,  t h e i r  value i n  t h i s  investLgat ion l i e s  i n  
t h e  f a c t  t h a t  they provide a b a a i s  I’gr f.i.dging t h e  rela- 
t i v e  e f f e c t i v e n e s s  of 1op: i tudinal  s t i f f e ~ s r s  i n  increas-  
ing t h e  ehear-b-:ckling r e s i s t a n c e  of curved s h e e t .  

Although t h e  r e s u l t s  
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2 .  Table I1 g ives  mean obesrved shear  buckl ing 
stresses frJr 10 d i f f e r e r t  a i m s  of cur'red shoet  panels .  
Theae s t r e t j s e s  were based on buckling phenoaena which 
f o r  t h e  most p a r t  were we l l  defined by t h e  torqiAe-twist 
r c l a t i o n s  shown i n  f i g u r e s  11 and 16, V s r i s t i o n s  from 
t h e  mean observed b d c k l i n g  value f o r  a~; one s i z e  of  
Tapel d i d  no t  exceed 15 percent .  

3. The observed shea r -buck l ing  s t r e s s e s  g iven  i n  
t a b l e  I1 are from 30 ps rcen t  t o  130 percent  h ighe r  t han  
computed acccrdi:ig t o  IWC-5, assuming hinge3 edges. 
Computed values  bssed on a n c d j f i c n t i o n  of t h e  s o l u t i o n  
g iven  b j  Kromm ( re fe rence  3) for i n f i n i t z l - y  long curved 
panels ,  or xpon t h e  mechod propoced by Ebner (ref'er- 
cnce 4) a r e  i n  much b e t t e r  a g r e m e n t  w;th t e s t  values ,  
These methods should r ece ive  f u r t h e r  c o n s i d e r a t i c n  as a 
poss ib l e  b a s i s  f c r  design. 

4. A comparison of t h e  shear-buckling s t r e s s e s  ob- 
served f o r  dii-ferent l eng ths  of c y l i n d r i c a l  s e c t i o n ,  
w i th  and without longi tudiLa1 s t i f f e n e r s ,  and t h e  theo- 
r e t i c a l  values  f o r  uns t i f f ened  s e c t  ions i n d i c a t e s  t h a t  
t h e  buckling r e s i s t a n c e  of  a given c y l i n d e r  may be in-  
creased about 20 percent  by adding 8 equal ly  spaced 
long i t1 id ina l  s t i f f e n e r s ,  o r  about 20 percent  by adding 
1 6  equa l ly  spaced long i tud ina l s .  

5. The results of t h e  t e s t s  c a r r i e d  t o  ult imate 
fai1;:re permit, a q u a l i t a t i v e  i f  not a very accu ra t e  quan- 
t i t a t i v e  a -mlys is  of  the a c t i o n  -involved i n  t h e  tension-  
f i s l d  range beyond Slickling. Approximately l i n e a r  
re]-atf oris were observed bet-ween torque and o v e r - a l l  twist 
Tor t h e  g r e a t e r  p a r t  of t h e  t e n s i o n - f i e l d  ranges, as 
shown i.n f;g:nre 16,  although t h e  r a t e s  of t w i s t  were t h r e e  
t? fou r  times those measm-ed i n  thr: s h e a r - r e s i s t a n t  range 
before buckl-iag. Linear  r e l a t i o n s  were 1 ikewise observed 
betwi:en torque and nveragc meas.!.:red s t r e a s e s  i n  t h e  shee t  
and l cng i t ad i r l a l  s t i f f e n e r s ,  as shown i n  f i g r r e s  18 t o  25. 
The average cc,mpressive s t r e s s e s  i n  t h e  ring s t i f f e n e r s ,  
based on measured r a d i a l  d e f l e c t i o n s ,  and t h e  bendi.ng 
stresses i n  t h e  longi t i idinal  s showed a d e f i . n i t e  teridency 
t o  inc rcasc  at, a faster r a t e  than t h e  to rques .  

6. An analys!s of t e n s i o n - f i e l d  a c t i o n  i n  s t i f f e n e d  
c j r c u l n r  s y l i n d e r s  subjected t o  t w i s t  involvss 8 cons-id- 
erati-on 02 t h e  buck1i.m r e s i s t a n c e  of t h e  s h e e t ,  t h e  
magnitude and d i r e c t i o n  of the p r i n c i p l  t e n s i l e  s t r e s s e s  
produced i n  t h e  shecxt af ter  buckling, t h e  c o n t r a c t i o n  of 
t h e  shee t  between l o n g i t u d i n a l s  as a r e s ~ l t  of buckling, 
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and t h e  siie end s y c i n g  of t h e  s t i f f e n e r s .  Schnp’tz 
( r e fe rcnce  C) FXH inc i ca t ed  t h e  mnncr i n  whi-c’; t h e s e  
r”act,crs may be recognized, bx t  excopt foi? a n  assumed 
case of complete t e n s i o n - f i e l d  a c t i o n ,  h7.b foi-aulas r e -  
q u i r e  s u b s t i t u t i o n  of exFerimenta1 constants  not  y e t  
evaluated.  

7 .  Table IV give.; a ccrayarfson bekwaen m%sired 
shedt  and s t i f fenei .  stresses and vclues  conpbi.’:t:fL for 
conplete t ens ion - f  i e l d  a c t i o n  according t o  E c i z p i t z  
( rofcronce 5 ) .  Ths r a t i o s  of averagG measured t o  com- 
pu ted stresses fn t h e  longi thdl  nals i n d i c a t e  t h a t  inzom- 
p l e t e  r a t h e r  t h a n  compleke t e n o  Icn-fi eld a c t  i on should 
hav? been assumed, although t h c  r e s u l t s  of  t h e  o t h e r  
s t r c s s  meaailrements are not gene ra l ly  c o n s i s t e n t  with 
t h i s  observation. 

8. Three of t h e  fcur 8p:cinzens loaded t o  t h e  l i m i t  
of t h e  t e n s i o n - f i e l d  r a n y o  f a i l e d  3jr co l l apse  o f  the 
l o n g i t i d i + m l  s t  ii’fene-s. The average comprsssive 
s t r c s s e s  developed for ring-sti:’fi.ner spacings of 9 irLches 
and 13.5 inchcs we1.e approximately t h e  same 2s t h e  
s t r e n g t h s  developed by t h e  same l eng ths  of i nd iv idua l  
s t i f f e n e r  s e c t i o n s  t e s t e d  as f l a t - end  c o l i m s .  The 
Yourth specimc.n Failecl by fi-actur.: of t h e  s h e e t  through 
t h e  connections t o  on; m d  bulldiead. 

9. ! ? e l a t i o n s  between average shear s t r o s s e s  and t h o  
maximm d e f l e c t i c n s  and bending s t r a s s e s  whj~ch ma:: be 
devel.oped i.n shee t  panels  or’ d i f f e r e n t  p ropor t ions  a f te r  
buckl ing  havo not keen siif’fic i e n t l y  w e l l  def ined t o  mako 
pcsslbl  e acci.rat,e p r e d i c t i o n s  regarding permanent buck- 
ling c h a r a c t o r i s t i c s .  I C  a structiir:: can be loaded re- 
peatedly without l o s s  i n  buckl iw r e s i s t a n c e ,  it can be 
assumd, or cc’irsc, t h a t  t he  s c t i o n  is e l a s t i c .  Tests to 
determine al lowable load l i m i t s  f o r  e l a s t i c  ’cuckll.ng 
q p e a r  t o  pyovide a mere s e n s i t i v c  m”as1we af p c m n o n t  
set t h a n  d i r c c t  measurements of permanent aheet de f l ec -  
t j ion.  

Aluminum Rcsearch Labora to r i e s ,  
Al.uminm Company of America, 

New Kensington, Pa. ,  March 13, 1944. 
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APPENDIX 

SUMMARY OF FORMULAS 

Notat ion  

7 s h e a r - s t r e s s  f o r  appl ied torque,  p s i  

shear-buckling stress, p s i  
7 0  

t sheet  th ickness ,  in .  

D mean diameter,  in. 

r mean rad ius ,  i n .  

L 

b 

a 

0 

U 

O X  

0.y 

Fx 

*Y 

E 

I.1 

length, in. 

a r c  I.cngth o f  panel,  in.  

o ther  dimensicn of panel,  in. 

maximum diagonal tens-ion a f t e r  buckling, p s i  

angle of m a x i m u m  diagonal tens ion ,  deg 

average conpression i n  long i tud ina l  s t i f f e n e r s ,  p s i  

average compression i n  ring s t i f f e n e r s ,  p s i  

ai-ea of lon@tud ina l  s t i f f e n e r ,  s q  in .  

aroa of r i n g  s t i f f e n m ,  sq i n ,  

modi?lus of e l a s t i c i t y ,  p s i ,  (1@,500,00@) 

Poi s son ' s  r a t i o  (1/3) 

Reference 1 (ANC-5) 

For unst i f fened c i r c u l a r  cy l inders ,  where a> L" 20 
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where 

1; z 0.75 f o r  hinged edges 

For clJrved panels  

where 

K. buckling f x t o r  for correepondlng f l a t  s h e e t  
panel depending on r a t i o  of a/b 

Reference 3 (Kromm) 

For i n f i n i t e l y  long cirrred p l a t e  s t r i p s  haviw3 
hinged edges ( c e n t r a l  angle f 43') 

-- 

-. 

when 2 /z > 4.3 
-L .\I r 

(See r e fe rence  3 fo r  o t h e r  casse.) 

For the  panel l s n g t h s  considered, values  of To d e t e r -  
minod by t h e  above r e l a t i o n  were mul t ip l i ed  by t h e  r a t i o  
of t h e  computed buckling stress for a i'lat panel cf the  
same proport ions t o  t h a t  f o r  a n  i n f i n i t e l y  l o n g  f la t  
panel having t h e  same shor t  dimensicn, 

Ref:Lrence 4 (Ebner) 

For curved r a n c l s  - . * 

where 

T R 

T~ 

shear-buckl l rg  stross f w  u n s t i  f'fened cy l inde r  

s h e a r - b x k l i n g  stress for corresponding flat panel 
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Referencs 5 (Schapitz) 
\ 

For  co~ipl.ete Cuemion-f i e l d  a c t i o n  a f t e r  buckling 

- 7 ,  T 
sin b: cos a, 

0 = -  

Referxca  G (Donnell) 

For w s t i f f e n o d  c i r c u l w  cylindors having hirged 

ends where -< L2t  5 .2  
D 3  

-- --.- ---I 

i' - E t 2  - 
To (1-p2)L2 2.8 + 2.E + 1.4 

i 
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No. 

NACA ARR NO. 4E31 

Ratio of Mean Observed t o  ar-Buckling Stresses 
Dimensions of Panels, . 

in. ANC-3 Ref. 3 Ref. 6 

I I 
ll.81 in. & 

T A E I u  
TORSIONAL SrmwCTHs OF 24s-T CYLINDMS HAVING RING STIFFENERS ONLY 

Mean Diameter D - *.,@3 in. 
O.remll Length - 36 in. 
Sheet Thickness - 0.020 in. 

t Center t o  oenter of ring stiffeners (See Fig. 5). 
* Based on Referenoe 6, assuming hinged edgea. 

lluuII 

COWAUXIN OF O B S E " )  AND COMPUTED SHEAR-BUCKLING SI'RESSES FOR CURVED 24S-T SHEET PAN!&S GIVEN IN 
TABLE 11 

0.95 1 !:E 1 !:A; I P:;b I 1.06 
14 0.020 x 4.31 x 11.81 1.58 0.43 0.80 0.92 

0.0eO x 13.50 I 11.81 
0.020 x 9.00 X l l . @ l  

5.90 in. I I 
0.020 x 13-50 x 5.90 
0.0195 x 8.81 x 5.90 
0.0195 I 9.00 x 5.90 
0.0205 x 9.00 I 5.90 
0.0205 x 6.75 x 5.90 
0.020 x 4.31 x 5.90 
0.0205 x 2.06 x 5.90 

1.39 
1.60 
1.71 
1.84 
1.99 
2.31 
2.02 

1.12 
1.24 1.13 I - 
1.30 l . W  
1.25 1 1.27 
0.71 1-50 

I I 1 I I 

T J u E A  
"ORSIONtU STmTlIS OF 24s-T CYLINDERS HAVING BOTH RING AND LONGlTUDlNAL STIFFENERS 

Heen Dimeter - 30.08 in. 
Overal l  Length - 36 in. 
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Spoimn 
B. 

26 

s 
Dimensions of Panels, ' ne an 

in. Obnerved ' m - 3  I bf. 3 

U L U I  
SHBAR-BUCXLXNC SlRtSES FOR PANELS OF 24S-T CYLINDWS HAVING BOTH RlNG AND MNGIlUDIHAT, STI- 

Mean Diameter - 30.08 in.. 
Overall length - 36 in. 

I I 

M 
15 1s n 
21 eo 
21 

0.026 x 13.50 x 5-90 2 870 2 070 2 6 0 0  2 570 e 210 
0.0195 I 9.81 x 5.90 3 370 2 110 2 680 

2 380 3900 3400 
0.0206 I 2.06 x 5.90 13 900 6 890 19 500 9 300 8900 

195 x 9.00 x 5.90 3 590 2 100 288G 3 I70 2 680 
2 910 

2 920 5400 5300 4 510 
24a as50 a $8 I:! 205x 9.00 x5.90 

0.0205 x 6.75 x 1-90 
0.020 x 4.31 I 5.90 6 750 

I I 

10 000 
22 500 
33 000 

8 500 
1 2  000 
19 000 

9 500 
14 000 
18 500 

10 000 
14 000 
20 000 
29 000 

2 110 1 6 2 0  1 810 2 s 2 0  2 a10 
!E I 4 2 770 510 

19 x 13.50 X 11.81 
l4 I 0.820 ' x 9000 4.31 x u.81 11*81 1 4 2 950 130 I I e 9 700 700 1 14 

21 600 
35 000 
49 900 
le 300 
1 7  400 
27 000 

21 700 
33 100 
42 500 
1 2  400 
16 900 
25 OM) 
37 300 

2 io0 
3 400 

1 loo 
3 500 

1 000 
2 000 

1 bo 
5 100 
2 900 

Speoirnen 
NO 

12 000 
Or70 22 000 
1.03 32 000 

8500 
1.20 26 000 

- 13 000 - 24 000 - 33 500 
9 500 

2:OO 14 500 
1.93 23 000 
3.44 36 500 

i:gi 15 000 

1 4  

16 

20 

21 

Tor ue, it-qb 

12 000 
20 900 
28 000 

11 600 
20 000 
30 800 
13 900 
22 200 
27 800 
16 800 
e2 200 
30 200 
4l 600 

- 
0.46 
0.64 
0.66 
0.69 
0.69 
0.70 
0.44 
0.42 
0.44 
0.80 
0.83 
0.80 
0.78 - 

1 io0 

2 l o o  

3 500 

4 200 
- - - 
- 

2 800 
6 600 
17 500 

iression i n  I h x i m  
I 

aswed4 

A l l  aoaputed stresses baaed on Reference 5, aesuming complete tension-field aotion. 

t 

Based on average s t ra ins  measured over 10-in. p g e  lengths near center of st iffeners.  
bsed on average s t r a ins  measured a t  centers o panels. 
Based on measured radial  deflections. 

anpion i n  Sheet, 

9 400 
16 400 
23 000 

1: 38 
25 600 
15 500 
23 800 
30 700 
11 500 
16 000 
23 100 
33 400 

1.28 
1.34 
1.39 
0.87 
0.93 
1.01 
0.84 
1.01 
1.09 
0.82 
0.91 
0.99 
1.09 
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